An assessment was carried out at a UK integrated steelworks to investigate the exposure of workers via inhalation to dioxins [polychlorinated dibenzo-p-dioxins (PCDD/F)], polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAH) including benzo[a]pyrene (B[a]P). Investigations focused on a basic oxygen steelmaking (BOS) plant and an iron ore sintering plant. The highest concentrations of PCDD/F and dioxin-like PCB were found at the BOS vessels and sinter strand area at the BOS and sinter plant, respectively. A risk assessment was carried out by comparing the daily intake of PCDD/F and PCB via inhalation with the recommended tolerable daily intake (TDI) proposed by the World Health Organisation (WHO). For the most exposed category of worker in this study (i.e. sinter plant workers inside the strand area), the estimated daily intake via inhalation was estimated to be 0.25 pg WHO-toxic equivalent concentrations (TEQ) kg 21 body weight (bw). Considering that the average UK adult exposure to PCDD/F from the diet is 1.8 pg WHO-TEQ kg 21 bw day
INTRODUCTION
The production of steel by the integrated route involves a series of closely linked processes: coke ovens, iron ore sintering, blast furnace, basic oxygen steelmaking (BOS), casting, and rolling. Among these processes, the sintering of iron ore is an agglomeration process in which blends of iron ore, fluxes, fuel in the form of coke, and revert (recycled) materials from steelworks are fused together to produce a clinker-like material (sinter) suitable as feed to the blast furnace. In the BOS process, liquid iron produced at the blast furnaces is converted to liquid steel. In 2007, the integrated route to steelmaking accounted for $60% of liquid steel produced among the 27 European Union countries (including accession countries). Worldwide, there are currently 65 countries producing a total of 840 million tonnes per annum of crude steel via the BOS process. The remaining 40% is produced by the melting of ferrous materials in electric arc furnace (EAF) steelmaking (World Steel Association, 2008) .
Atmospheric emissions from iron ore sintering and BOS plants have been studied and are relatively well characterized. Typically, emissions contain traces of persistent organic pollutants (POPs) such as dioxins, namely polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated dibenzofurans (PCDF), dioxin-like polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAH) (Anderson and Fisher, 2002; IPPC, 2002) . However, from an occupational hygiene point of view, there is still a lack of information on the concentrations of these species in the workplace atmosphere of both processes in the UK and, more generally, worldwide. For instance, only a few studies have been carried out to characterize the concentrations of PAH and PCDD/F in the workplace air of sinter plants in Taiwan (Shih et al., 2006; Lin et al., 2008; Shih et al., 2008) . In these studies, it was found that benzo [a] pyrene (B[a]P) and PCDD/F concentrations ranged from 9 to 61 ng m À3 and from 0.12 to 1.90 pg I-TEQ m
À3
, respectively, in the workplace atmosphere of the plants investigated. Insofar as is known, there are no available data about the concentrations and potential exposure of workers to POPs including PCDD/F, PCB, and PAH in the BOS steelmaking process. In recent years, it appears that much of the work carried out to study the exposure of workers to POPs concentrated on the EAF steelmaking process and the aluminium industry. For instance, Davy (2004) presented a review of the legislation with respect to PCDD/F in the workplace and confirmed that one of the main areas of concern in the metal recycling industry was secondary aluminium smelters. Furthermore, Sweetman et al. (2004) carried out a survey, for the UK Health and Safety Executive (HSE), of workplace PCDD/F airborne concentrations in an EAF plant in the UK and found concentrations ranging from 2.4 to 4.7 pg WHOtoxic equivalent concentrations (TEQ) m À3 for fixed position measurements. In a previous study at an EAF steelmaking plant in the UK, Aries et al. (2008) showed that PCDD/F and PCB concentrations in workplace air ranged between 0.25 and 8.62 pg WHO-TEQ m À3 . In the non-ferrous industry, Sweetman et al. (2004) In view of the toxicological importance of these POPs, it was considered important to investigate the potential exposure via inhalation of UK steel workers in the iron ore sintering and BOS processes. It is a mandatory requirement that all workers in both process plants wear full protective clothing to cover all potential dermal exposure routes; therefore, potential of dermal exposure for workers is regarded as being limited. PCDD/F, PCB, and PAH are mostly associated with the particulate matter; therefore, the main exposure route is expected to be by inhalation of airborne particulate matter. Accordingly, surveys were carried out to determine the concentrations of PCDD/F, PCB, and PAH in potentially exposed workplace areas of a BOS plant and a sinter plant operated in the UK. This paper summarizes the concentrations of these compounds found in the workplace air, provides an estimation of daily intakes, and excess cancer risks by inhalation for various categories of sinter plant and BOS plant workers.
Process description
Sintering process. The sintering of iron ore is an essential stage in the integrated process and its main purpose is to prepare fine ores for use in the blast furnace. Each year, a typical UK sinter plant produces $4.5 million tonnes of sinter for use in blast furnaces. Sintering is a continuous agglomeration process in which blends of iron ore fines, fluxes, coke, and recycled materials, such as dusts and grit from other processes, are fused together to produce a porous clinker-like material designated as sinter. A schematic of the process is shown in Fig. 1 . A well-mixed blend (raw sinter mix) of the raw materials is laid using roll feeders onto a slowly moving continuous grate (sinter strand) typically 40-60 cm deep and 4-5 m wide. Coke particles in the sinter bed are ignited by gas burner under an ignition hood and the resulting combustion zone is slowly drawn down through the bed by induced draught fans. Workplace air therefore flows in the general direction of the sinter strand thereby providing ventilation of the workplace. Heat from the coke combustion causes partial melting and fusion of the ore particles into a porous clinker-like mass. At the end of the strand, the finished sinter is discharged and crushed and then cooled on rotary 38 K. Jackson et al. sinter coolers by an updraft of air. Waste gases drawn through the wind legs of the strand are combined in the wind main, de-dusted in the electrostatic precipitator (ESP), and expelled to atmosphere via the main stack. Potential areas of exposure to POPs for sinter plant workers include areas where dust concentration levels are expected to be high including the roll feeders, the sinter stand, the sinter coolers, and the waste ESP dust chutes areas. BOS process. The BOS process is a discontinuous operation, which involves the transfer, desulphurization, and refining of hot metal in a steelmaking converter and secondary steelmaking treatments (Fig. 2) . The desulphurization step is used when preparing hot metal for the BOS converter. A desulphurizing agent Assessment of exposure to PCDD/F, PCB, and PAH in UK steelmaking 39
(calcium carbide) is blown through a lance into the hot metal with the aid of nitrogen; the sulphur is converted to calcium sulphide and partitions to the slag, which floats on top of the hot metal. The slag is removed in the slag preparation unit and, after weighing, the liquid iron can be charged into the converter vessel. The BOS plant investigated in this study has three converter vessels that convert molten iron into steel. Each vessel is able to tilt to various angles up to 150°for charging and discharging purposes. In the BOS process, undesirable impurities such as carbon, silicon, manganese, and phosphorus are converted into oxides by blowing pure oxygen through a water-cooled lance directly onto the surface of the hot metal. Since the oxidizing reactions are exothermic, thus increasing the temperature of the liquid bath, scrap metal is also added as a coolant to maintain the temperature at approximately 1600-1650°C. At BOS plants, typically 15-20% of the converter charge is scrap metal. At the end of the BOS process, the vessel is tilted and the steel is tapped into preheated ladles. Ladles are either transferred directly to the continuous casting (concast) plant or to further specialized secondary steelmaking treatments to achieve the final quality requirements. Secondary steelmaking operations include alloy additions in solid form or by powder injection via lances and vacuum degassing of the steel to remove impurities such as gaseous hydrogen, oxygen, nitrogen, or residual carbon. These operations are carried out at ladle arc furnace stations. In each of the three stages of BOS (desulphurization, BOS process, and secondary metallurgy), emissions of particulate matter may occur. In particular, significant amounts of particulate matter are emitted during charging of scrap and hot metal and during tapping of the BOS converters. A secondary ventilation system consisting of roof mounted canopy hoods is installed directly above the converters but not all of the particulate matter is captured resulting in a potential exposure of workers to chemicals and particulates in the workplace.
MATERIALS AND METHODS

Terminology
PCDD and PCDF are two families of chemicals that are formed inadvertently in industrial processes as a result of incomplete combustion of organic material. There are 75 PCDD and 135 PCDF congeners, of which only 17 are considered to be biologically active, namely those chlorinated at the 2,3,7,8 positions. Each congener is assigned a toxicity rating [referred to as toxic equivalent factor (TEF)]. Of the seventeen 2,3,7,8-chloro-congeners, the most toxic is 2, 3, 7, 3, 7, and is assigned a TEF of 1; other congeners are assigned toxicity ratings relative to this compound. The overall toxicity of a sample may be obtained by multiplying the concentrations of the individual target compounds by their respective TEF to obtain the corresponding TEQ and the total TEQ of a sample is obtained by summation of the individual TEQ. This system, which was introduced in 1988 by the North Atlantic Treaty Organisation, Committee on Challenges to Modern Society (NATO, 1988) , was revised in 1998 by the World Health Organisation (WHO) to provide TEF values for humans and wildlife and to include a set of PCB exhibiting dioxin-like activity ( Van den Berg et al., 1998) .
PAH comprise a large group of compounds consisting of two or more aromatic rings fused together. Several PAH are carcinogenic or mutagenic. Among these, a group of 16 PAH has been identified as priority pollutants by the US Environmental Protection Agency (US EPA). To characterize the carcinogenic potency of PAH mixtures, potency equivalency factors (PEFs) have been proposed. In particular, Nisbet and Lagoy (1992) and Collins et al. (1998) have proposed a list of PEFs for the 16 US EPA PAH, in which B[a]P is used as a reference compound and assigned a PEF value of 1. In this study, the PEFs proposed by Nisbet and Lagoy (1992) have been used.
Sampling
In order to meet the necessary mass spectrometric limits of detection requirements for PCDD/F and PCB, static high-volume samplers (Graseby Andersen, Atlanta, GA, USA), equipped with polyurethane foam plugs (Supelco: 6 Â 7.6 cm) and glass fibre filters (Whatman GF/A 110 mm) were deployed at all sampling locations to collect total suspended particulates (TSP). The use of high-volume samplers also facilitated the determination of congener profiles. Sampling locations were chosen as a function of their likeliness to exhibit the highest concentrations of airborne particulate matter and therefore to present the highest levels of exposure in each process. Samplers were operated at a constant flow rate of 0.2 m 3 min
À1
for 12 h at the BOS plant and 24 h at the sinter plant, thus collecting $150 and 300 m vicinity of the waste ESP dust discharge chutes (shown in Fig. 1 ). At the BOS plant, the sampling locations selected were the main BOS vessel area, the desulphurization plant, the concast area, and the secondary steelmaking area (shown in Fig. 2 ). Additional samples were collected in the area of the BOS vessels using personal cyclone impactors (SKC, GS-1 type). These additional samples were used to measure total respirable (PM 4 ) PAH and to determine in which particle size fractions B[a]P was predominantly present. These data were also used to assess whether the use of static sampling could lead to an underestimation of exposure as previously reported by Cherrie (2003) . The personal samplers were operated at a flow rate of 2.2 l min À1 for 4 h, thus collecting $480 l (0.48 m 3 ).
Analytical procedure
Samples were analysed using UKAS-accredited methodology (ISO 17025). Samples were spiked prior to extraction with 13 C 12 -labelled internal standard solutions according to methods US EPA 23 and 1668A (EDF-4053 and EC-4977; Cambridge Isotope Laboratories, LGC Promochem, UK) to allow quantitative determination of 2,3,7,8-substituted PCDD/F and PCB by isotope dilution gas chromatography/mass spectrometry (GC/MS). Samples were extracted with toluene by accelerated solvent extraction (150°C for 12 min, 2000 psi) using a Dionex ASE 200 (Dionex, Camberley, UK). Extracts were concentrated by nitrogen gas evaporation using a Zymark Turbovap (II) concentration workstation (Zymark, Warrington, UK). A 10% fraction of the total extract was retained for PAH determination. This fraction of the total extract was subjected to clean-up to separate PAH from aliphatic and cyclic saturated hydrocarbons by applying the extracts to columns packed with basic alumina (4 g, activated at 200°C for at least 16 h). The aliphatic fraction was eluted with 30 ml of n-hexane followed by 5 ml of dichloromethane-hexane (20:80 v/v). The PAH fraction was then eluted with 30 ml of dichloromethane and analysed using GC/MS in selected-ion monitoring mode. The GC/MS system used was an Agilent 6890 GC coupled to an HP 5973 inert mass-selective detector. Injections were performed in splitless mode, with a helium flow rate of 1.0 ml min À1 , a front inlet temperature of 270°C, and a DB-5ms capillary column (60 m Â 0.25 mm Â 0.25 lm).
The remainder of the total extract (i.e. 90%) was subjected to a three-stage clean-up procedure using liquid chromatography for PCDD/F and PCB determinations. Multi-layered silica chromatography columns were used for the initial cleanup of total extracts, Florisil chromatography was used to separate PCDD/F from PCB, and basic alumina chromatography was used to remove large amounts of saturated hydrocarbons from the PCB fractions. Prior to analysis, the final PCDD/F and PCB fractions were solvent exchanged with nonane and recovery standards were added (EDF-4055 and EC-4979; Cambridge Isotope Laboratories, LGC Promochem). Analysis of cleanedup extracts for PCDD/F and PCB was conducted by high-resolution gas chromatography-highresolution mass spectrometry (HRGC-HRMS) using a Hewlett-Packard 6890 gas chromatograph coupled to a Micromass Autospec Ultima highresolution mass spectrometer (Micromass, Manchester, UK). A 60 m Â 0.25 mm Â 0.25 lm DB-5ms capillary column (Greyhound Chromatography, Birkenhead, UK) was used. The MS was operated at 10 000 resolution in the positiveion mode at 34 eV energy with perfluorokerosene as the mass range calibrant. For PCDD/F and PCB, five-point calibration curves were generated using the calibration sets of method US EPA 23 and 1668A (EDF-4052 and EC-4976 CS1 to CS5, LGC Promochem). Response factors were calculated for each congener relative to its 13 C 12 -labelled homologue internal standard, and these response factors were used to quantify native 2,3,7,8-PCDD/F and PCB. PCDD/F and PCB were identified by retention time comparison with those of available standards and by checking that the ratio of the two ions monitored was within 15% of the theoretical value. All data were analysed using proprietary software (Mass Lynx version 4.0; Micromass).
Risk characterization
In this study, PCDD/F and PCB concentrations were converted to an estimated daily intake by taking into account daily inhalation rates of 1.5 m 3 h
À1
for moderate activities and an 8-h working shift using a default body weight (bw) of 70 kg. The estimated daily intake was compared with the recommended tolerable daily intake (TDI The equation for computing the intake from exposure to air pollutants via inhalation is:
where C i 5 concentration of the compound in ambient air (lg m À3 ), DIR 5 daily inhalation rate (l kg À1 bw day), A 5 inhalation absorption factor, EF 5 exposure frequency (days year À1 ), ED 5 exposure duration (years), and AT 5 averaging time period over which exposure is averaged (day).
Cancer risks were calculated by multiplying the intake by the inhalation cancer potency factor to result in the potential inhalation cancer risk following a methodology described by the US EPA (1989). For PCDD/F, the WHO-TEQ (including dioxin-like PCB) concentrations found in the various workplaces were used to calculate cancer risks by multiplying them by the inhalation potency factor of 2,3,7,8-TeCDD of 1. , with a mean value of 3.72 pg WHO-TEQ m À3 , were found. In the iron ore sintering process, previous studies have shown that PCDD/F and PCB are formed within the sinter bed itself, ahead of the agglomeration flame front where temperatures rise up to 1300-1400°C. Ahead of the flame front, temperature zones between 250 and 450°C, optimum for PCDD/F formation, also exist (Anderson and Fisher, 2002; Aries et al., 2008) . It is thought that PCDD/F formation occurs either from precursor molecules or from de novo synthesis or a combination of both mechanisms. PCDD/F are mobilized by the heat from the sintering flame front and are carried by the air flow to be trapped by condensation on cooler burden at lower regions of the sinter bed. As the flame front moves downwards through the sinter bed, the trapped PCDD/F are re-volatilized and are swept downwards. Towards the end of the sinter strand, no cold sinter material remains for PCDD/F to condense upon and are therefore swept into the wind legs/ exhaust system. Owing to the high suction induced by the waste gas fans, any leakages between the wind legs and sinter strand area lead to inward leakages of air rather than outward leakage of waste gas. Hence, PCDD/F and PCB should not be found at significant concentrations inside the sinter strand area. The fact that PCDD/F and PCB were found inside the strand area suggests that some leakage of dust occur into the workplace. This could be due to emission of dust particles at the discharge end of the sinter strand where the sinter breakers are located. It is possible that the PCDD/F and PCB found inside the strand area could also have been condensed onto dust particles that are emitted via fugitive emissions to the strand area when large lumps of sinter are broken down into smaller pieces by the sinter breakers. Overall, PCDD/F concentrations determined at the UK iron ore sintering plant were in good agreement with the concentrations reported in a previous study for an iron ore sintering plant in Taiwan for which PCDD/F concentrations ranging from 0.12 to 1.90 pg I-TEQ m À3 (excluding PCB) were reported. Interestingly, the authors of the study also found significantly higher concentrations of PCDD/F inside the strand area ($1.56 pg I-TEQ m À3 ) and near the sinter breakers ($1.90 pg I-TEQ m
À3
) in comparison to the roll feeders area ($ 0.47 pg I-TEQ m À3 ). In the BOS process, for all the workplace areas investigated, PCDD/F and PCB concentrations were Data were reported using the TEF defined by NATO/CCMS (1988) .
Assessment of exposure to PCDD/F, PCB, and PAH in UK steelmaking relatively low, typically ,1 pg WHO-TEQ m
. The highest concentrations were found inside the BOS vessel area with concentrations ranging from 0.13 to 2.03 pg WHO-TEQ m À3 , with a mean value of 0.71 pg WHO-TEQ m À3 . In the BOS process, PCDD/F and PCB are most likely to be formed inside the vessel when scrap metal is charged. During scrap charging, chemical reactions may occur between residual molten metal at the bottom of the vessel and organic compounds coating the scrap metal. During charging, significant release of fumes and particulate matter takes place inside the vessel area. Fumes and particulates cannot be completely captured by the secondary extraction system, and as a result, it is normal to find PCDD/F and PCB inside the vessel area. It is noteworthy that the concentrations of PCDD/F and PCB found in BOS steelmaking are significantly lower than the concentrations found in EAF steelmaking. Indeed, a previous study at a UK Steel EAF plant showed that PCDD/F and PCB concentrations ranged typically from 0.25 to 8.62 pg WHO-TEQ m
, with a mean value of 2.71 pg WHO-TEQ m À3 (Aries et al., 2008) . The fact that PCDD/F and PCB concentrations were lower in BOS rather than EAF steelmaking is likely to be due to the fact that much higher quantities of scrap metal containing chlorine and carbon residuals are molten in the EAF process.
Overall, workplace air PCDD/F and PCB concentrations found in the iron ore sintering and the BOS processes were significantly lower than those reported for other industrial activities such as secondary aluminium smelting (Sweetman et al., 2004) .
PCDD/F and PCB congener profiles from sampling locations at both process plants are illustrated in Fig. 3 . Profiles from the workplace air of both plants are comparable. Typically, PCDFs were found in higher concentrations than PCDDs (with the exception of 2, 3, 7, 2, 3, 7, , and the most abundant congener was 2,3,4,7,8-PeCDF. Although PCB were detected in much higher concentrations than PCDD/F, only PCB 126 contributed significantly to the total TEQ ($5 to 20%). Congener profiles are similar to those obtained by Aries et al. (2008) at an EAF plant and Shih et al. (2008) at an iron ore sintering plant in Taiwan.
PAH workplace air concentrations in the BOS and iron ore sintering processes
The total concentrations of 16 US EPA PAH, B[a]P, and B[a]P eq found in the workplace areas of both the sinter plant and the BOS plant are summarized in Table 1 .Where available, the data are compared with workplace air concentrations found at other steelmaking plants or for other types of industrial activities. At the BOS plant, B[a]P concentrations were relatively low at all locations, typically ,5 ng m À3 . Relatively few studies have been carried out to determine PAH concentrations in the workplace air of steelmaking plants, and the only two noteworthy studies have focused on EAF plants. Bergamaschi et al. (2005) carried out an exposure assessment of workers to PAH at an Italian EAF plant where B[a]P concentrations ranged from 1 to 148 ng m
À3
, with a mean value of 34 ng m À3 . The second survey was carried out at an EAF plant operated in the UK (Aries et al., 2008) . It showed that inside the melting shop, B[a]P concentrations ranged from 1.4 to 24.5 ng m À3 , with a mean value of 7 ng m À3 . It appears that the concentrations reported in this study at the BOS plant were somewhat lower than the concentrations determined in EAF steelmaking, probably owing to the lower amounts of scrap used in the process. B[a]P concentrations found at the BOS plant appeared to be also relatively low in comparison with other industries. For instance, BOS plant workers exposures to B[a]P were three orders of magnitude lower than typical B[a]P exposures associated with coke making in the UK (Unwin et al., 2006) or in the aluminium manufacture industry (Ronneberg and Romundstad, 1997) . Figure 4 illustrates PAH profiles for each location investigated. Analysis of the PAH profiles in workplace air showed that four PAH, in particular, were predominant at the desulphurization plant, the concast area, and the secondary steelmaking location. These were phenanthrene, fluoranthene, pyrene, and anthracene. Interestingly, similar PAH profiles were reported previously at an EAF plant in the UK (Aries et al., 2008) . It is thought that toxic compounds associated with the PM 4 particle size fraction (ie. respirable fraction) are the main cause of concern in terms of human exposure to POPs since these particles can travel further into the lungs. In order to assess in which particle size fractions B[a]P was present, additional sampling was carried out using personal impactor cyclone devices to measure the concentrations of B[a]P in the respirable fraction. Table 2 summarizes the B[a]P concentrations found inside the BOS vessels area in the respirable (PM 4 ) particulate size fraction. The results obtained using the cyclone impactors showed that B[a]P concentrations ranged between 0.1 and 6.0 ng m À3 , with a mean value of 3.8 ng m À3 . These concentrations were within the same range as the concentrations observed in the TSP matter which ranged from 0.2 to 7.1 ng m À3 suggesting that B[a]P was found almost exclusively in the PM 4 fraction. Previous studies 44 K. Jackson et al. have shown that the use of static samplers could in some cases lead to the underestimation of exposure in comparison to personal sampling methodology (Purdham et al., 1993; Cherrie, 2003) . In this study, the workplace air concentrations obtained using static samplers (ie. TSP) and personal respirable samplers (ie. PM 4 size fraction) were very similar with regard to B[a]P, a compound almost exclusively associated with particulate matter. It is therefore thought that the results presented here using static high-volume samplers are not underestimating the potential exposure of workers to POPs, such as PAH and PCDD/F.. With regard to the sinter plant, B[a]P concentrations were typically close or ,1 ng m À3 at all locations, except the waste ESP dust chute area (Table 1) . Assessment of exposure to PCDD/F, PCB, and PAH in UK steelmaking 45
These data suggested that the exposure of workers to PAH can be considered as very low at the UK iron ore sintering plant since B[a]P concentrations were in numerous cases well below or only marginally above the target value of 1 ng m À3 specified in ambient air by the European Commission in the fourth 'Daughter' Directive of the Air Quality Framework Directive (EC Directive, 2005) . The highest PAH concentrations observed at the sinter plant were found near the ESP dust chutes where B[a]P concentrations ranged from 3.2 to 16.8 ng m À3 . These relatively elevated results may be explained by the fact that localized fugitive emissions arise from the waste ESP dust hoppers leading to higher concentrations of PAH within the ESP dust chute area. However, it should be noted that workers spend very little amount of time in this area, except during plant stoppages where maintenance work is carried out. During these maintenance periods, however, appropriate control measures are taken including the use of respiratory protective equipment. Interestingly, the PAH profiles observed in this area were very different from those observed at the other locations were found in much higher concentrations near the waste ESP dust chutes than at any other locations of the sinter plant. This may be explained by the fact that most of the PAH found near the ESP dust chutes are particle-bound PAH that have condensed onto ESP dust particles rather than low or medium molecular weight PAH that may be present in significant proportions in the gas phase.
Exposure assessment of workers to PCDD/F, dioxin-like PCB, and PAH At the sintering plant, the amount of time spent by workers in the most exposed area of the plant (i.e. sinter strand area) is limited. After consultation with plant personnel, it was decided to estimate daily intakes for sinter plant workers by assuming that they would typically spend at most 25% of their shift inside the sinter strand area for maintenance purposes, $50% of their time in other areas of the plant (such as sinter coolers) and 25% inside the control cabin and sinter plant offices for which it was considered that exposure to PCDD/F, PCB, or PAH was negligible. At the BOS plant, daily intakes were calculated by assuming that the workers would spend 50% of their shift in their respective working areas and 50% of their time in the BOS plant offices or the control room for which it was considered that exposure to PCDD/F, PCB, or PAH was negligible. Using these assumptions, for the most exposed category of workers (BOS vessel area and sinter strand workers), the estimated daily intake of PCDD/F and PCB via inhalation was 0.15 WHO-TEQ kg À1 bw and 0.25 pg WHO-TEQ kg À1 bw at the BOS and sinter plant, respectively, in the worst case scenario. As may be seen from Table 1 , the daily intakes found for the most exposed category of BOS and sinter plant workers appeared to be very similar but were lower than those of workers in EAF plants ($0.41 pg WHO-TEQ kg À1 bw). When considering the average UK adult exposure to PCDD/F and PCB from their dietary intake of 1.8 pg WHO-TEQ kg À1 bw À1 day (FSA, 2000) , it is estimated that the daily intake of PCDD/F and PCB from food and from the inhalation of air at the sinter plant and the BOS plant would be 2.05 pg WHO-TEQ kg À1 bw À day and 1.95 pg WHO-TEQ kg À1 bw À1 day for the most exposed category of workers (i.e. sinter strand workers/BOS vessel area workers), respectively. These data suggest that daily intakes of PCDD/F and PCB for BOS and sinter plant workers would be well within the range of 1-4 pg WHO-TEQ kg À1 bw À1 day recommended by the World Health Organisation (WHO 1998) and therefore that their level of exposure can be considered as low. The potential exposure of BOS and sinter plant workers to PCDD/F and PCB via inhalation was also investigated by estimating cancer risks. As may be seen from Table 1 , cancer risks from exposure to PCDD/F and PCB via inhalation for BOS workers ranged from 1.3 Â 10 À6 to 1.6 Â 10 À5 and for sinter plant workers ranged from 2.5 Â 10 À6 to 5.2 Â 10 À5 . These were well within the acceptable range (of excess cancer risk) of 1.0 Â 10 À6 to 1.0 Â 10 À4 proposed by the US EPA (1989), confirming that the exposure of sinter plant workers to PCDD/F and PCB was low.
With regard to PAH, exposure of workers was assessed by calculating a cancer risk using the B[a]P eq concentrations (obtained after converting the concentrations of the 16 individual toxic PAH using their respective PEFs) for each area of the plant. As may be seen from Table 1 , cancer risks derived from PAH exposure at the BOS plant ranged from 2.4 Â 10 À6 to 7.3 Â 10 À6 and at the sinter plant ranged from 5.3 Â 10 À7 to 1.5 Â 10
À5
. Derived cancer risks were also well within the acceptable range of 1.0 Â 10 À6 to 1.0 Â 10 À4 proposed by the US EPA (1989). Interestingly, these data were in good agreement with a recent study carried out by Lin et al. (2008) at a Sinter Plant in Taiwan where cancer risks (high estimate) of 4.98 Â 10
were reported. By comparison, higher estimated lifetime cancer risks (within the range 0.4-4.7 Â 10 À5 ) have been reported for the general population of localities with aluminium smelting activities (Vyskocil et al., 2004) .
CONCLUSIONS
This study has demonstrated that workers at an iron ore sintering and a BOS plant operated in the UK were not exposed to elevated concentrations of PCDD/F, dioxin-like PCB, and PAH in potentially exposed workplace areas of the plants. The exposure of workers to PCDD/F, PCB, and PAH was studied by calculating estimated daily intakes and cancer risks by inhalation. The first approach indicated that estimated daily intakes of PCDD/F and PCB for BOS and sinter plant workers from food (dietary intake) and from inhalation of workplace air was 1.95 pg WHO-TEQ kg À1 bw À1 day for the most exposed category of workers at the BOS plant (i.e. BOS vessel workers) and 2.05 pg WHO-TEQ kg À1 bw À1 day for the most exposed category of workers at the sinter plant (i.e. sinter strand workers). These data were well within the range of 1-4 pg WHO-TEQ kg À1 bw À1 day recommended by the WHO, suggesting that the level of exposure of workers can be considered low. The second approach showed that BOS worker cancer risks ranged from 1.3 Â 10 À6 to 1.6 Â 10 À5 for PCDD/F and from 2.4 Â 10 À6 to 7.3 Â 10
À6
for PAH. Sinter pant worker cancer risks ranged from 2.5 Â 10 À6 to 5.2 Â 10 À5 for PCDD/F and 5.3 Â 10 À7 to 1.5 Â 10 À5 for PAH. These cancer risks were well within the acceptable range of 1.0 Â 10 À6 to 1.0 Â 10 À4 proposed by the US EPA.
